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Abstract
In the present work, recently available experimental data for different bands of
67As [Phys. Rev. C 98, 024313 (2018)] have been interpreted within the framework
of the shell model in full f5/2pg9/2 model space using JUN45 and jj44b effective
interactions. The variation of E - Erot energy versus spin for different bands is
shown to obtain useful information about band termination. We have also reported
the electromagnetic transition probabilities, quadrupole and magnetic moments of
67As. Except for some tentative high-spin states, the results are in good agreement
with the available experimental data. The states 29/2+-45/2+ are described by
three particles in g9/2, while 47/2
+ and 51/2+ states are described by five particles
in g9/2. The shell model results corresponding to nine tentative states such as 41/2
+
1
and 45/2+1 in band-1b; 41/2
+
2 and 45/2
+
2 in band-1a; 43/2
+
2 , 47/2
+
2 and 51/2
+
1 in
band-2a; 43/2+1 and 47/2
+
1 in band-2b are reported and discussed.
Key words: High-spin states, band termination, electromagnetic transition, band
head
1 Introduction
The band termination and nontermination is important properties of nuclei in
the Z,N = 28−50 region. When we have few valence nucleons outside the 56Ni
core then nuclei exhibit band termination, while if valence nucleons are large
then we have band nontermination. The experimental observation of band
termination in non collective states of 62Zn (6 valence nucleons) is reported in
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Ref. [1]. The evidence for nontermination of rotational bands is observed in
74Kr (18 valence nucleons) [2]. The nontermination of yrast bands at maximum
configuration spin in 73Kr is reported in Ref. [3]. Thus, the nontermination is
important phenomenon for nuclei approaching the middle of the Z,N = 28−50
region [3]. The experimental evidence of band termination in 73Br is reported
in Ref.[4]. The band termination in 69As is reported in Ref. [5].
In the more recent study of 67As having 11 nucleons outside 56Ni core exhibit
band terminating structure [6]. The energy levels and γ-ray decay scheme of
67As have been studied in Ref. [6] using the 40Ca(36Ar, 2αp)67As reaction at
Argonne National Laboratory. In this work, two new band structures have
been reported and further, these two bands are connected to the previously
known energy levels [7]. The comparison of the experimental results for these
two bands with theory using cranked Nilsson-Strutinsky model is reported in
Ref. [6], both theory and experiments suggest that these structures can be
interpreted in terms of configurations that involve three g9/2 particles [6].
The study of these newly populated terminating bands in 67As [6] using state-
of-art large scale shell model calculations is very important. In this work,
we have done a comprehensive shell model study corresponding to different
bands within f5/2pg9/2 model space using two different jj44b and JUN45 inter-
actions. Also, we have reported the electromagnetic transition probabilities,
quadrupole and magnetic moments. In this region, the rotational features of
N = Z nuclei that possess large triaxiality because of shell effect are reported
in Ref. [8].
This paper is organized as follows: details about shell model calculations are
given in section 2. In section 3, results and discussions are discussed. In section
4, the electromagnetic properties are discussed. Finally, summery is drawn in
section 5.
2 Shell Model Hamiltonian
In the present shell model calculations, 56Ni is taken as an inert core with
the spherical orbits 1p3/2, 0f5/2, 1p1/2 and 0g9/2 in the model space for both
neutrons and protons. For calculations, we used JUN45 and jj44b interactions.
Brown and Lisetskiy developed the jj44b interaction [9] and further this inter-
action was fitted with 600 experimental binding energies and excitation ener-
gies of nuclei with Z = 28−30 and N = 48−50 available in this region. Here,
30 linear combinations of JT coupled two-body matrix elements (TBME) are
varied giving the rms deviation of about 250 keV from experimental data.
The single particle energies (spe) are taken to be -9.6566, -9.2859, -8.2695
and -5.8944 MeV for the 1p3/2, 0f5/2, 1p1/2 and 0g9/2 orbits respectively [9].
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Fig. 1. Energy spectra of diffrent states bellow 9/2+ band head.
The JUN45 [10] interaction is based on Bonn-C potential, the single-particle
energies and two-body matrix elements were modified empirically with A =
63∼69 mass region. The single-particle energies for the 1p3/2, 0f5/2, 1p1/2 and
0g9/2 orbitals are -9.828, -8.709, -7.839, and -6.262 MeV, respectively. The shell
model calculations were performed using the shell model codes NuShellX [11],
Antoine [12] and KSHELL [13].
3 Results and Discussions
In this section we have reported comprehensive shell model results of different
bands corresponding to experimental data. We have calculated many eigenval-
ues corresponding to each Jpi and then we have classified into different bands
on the basis of dominant E2 transitions between them. In order to identify the
band structures, we have connected the states with a strong transition matrix
elements between them and with similar configuration in the wave functions.
In the Fig 1, we have shown comparison between calculated and experimental
states below 9/2+. The JUN45 interaction correctly reproduced ground state
and sequence of 5/2−1 -3/2
−
1 -7/2
−
1 -7/2
−
2 -9/2
+
1 states.
The calculated and experimental energies for the different bands are shown in
Fig. 2. For convenience a rotational reference has been subtracted. It is seen
how the rotational behavior and band termination, are reasonably described
by the shell model calculations. The related energies of the band members
as expressed by E − Erot form a specific configuration dependent curve as
a function of spin. The value of E − Erot become a minimum followed by a
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Fig. 2. Calculated and experimental energies corresponding to different bands in
67As. A rotational reference Erot = 0.0292I(I + 1) has been subtracted.
sharp increase before terminates. The kink in the curve is observed because
of configuration changes. The JUN45 interaction is showing band termination
more reasonably for band-1a and band-2a in comparison to jj44b interaction.
It is interesting to note that, in the band-2a, beyond 39/2+, the experimen-
tally observed intensity is reduced. This suggests structure change beyond this
point. The shell model result in Fig. 2 is also showing different behaviour of
E−Erot curve after this point. In CNS calculation as reported in Ref. [6], the
39/2+ is associated with a non-collective terminating configuration.
The shell model results corresponding to JUN45 and jj44b interactions are
shown in Fig. 3. To identify the band structure, we have connected states
with strong transitions matrix elements by lines as shown in Fig. 4. Also,
these states are connected with similar dominant configuration in the wave
functions.
4
05
10
15
20
25
9/2
+
13/2
+
17/2
+
21/2
+
25/2
+
29/2
+
33/2
+
37/2
+
(41/2
+
)
(45/2
+
)
1.423
2.366
3.594
4.951
5.726
6.709
8.313
10.531
13.200
15.863
9/2
+
13/2
+
17/2
+
21/2
+
25/2
+
29/2
+
33/2
+
37/2
+
41/2
+
45/2
+
1.813
2.558
4.272
5.435
7.346
8.578
9.453
11.077
13.489
16.262
(41/2
+
)
(45/2
+
)
12.965
15.876
41/2
+
45/2
+
12.977
15.507
27/2
+
31/2
+
35/2
+
39/2
+
(43/2
+
)
(47/2
+
)
(51/2
+
)
6.804
8.054
9.695
11.714
13.799
16.008
18.648
27/2
+
31/2
+
35/2
+
39/2
+
43/2
+
47/2
+
51/2
+
7.650
8.414
9.854
12.186
14.733
18.102
20.180
(43/2
+
)
(47/2
+
)
13.601
15.863
43/2
+
47/2
+
14.400
17.956
11/2
+
13/2
+
15/2
+
19/2
+
2.281
3.181
3.886
4.524
11/2
+
13/2
+
15/2
+
19/2
+
2.732
3.191
3.398
4.886
EXP. SM EXP. SM EXP. SM EXP. SM EXP. SM
67As
Band-1a Band-1b Band-2a Band-2b Other-Band
E
xc
it
at
io
n
en
er
gy
(M
eV
)
0
5
10
15
20
25
9/2
+
13/2
+
17/2
+
21/2
+
25/2
+
29/2
+
33/2
+
37/2
+
(41/2
+
)
(45/2
+
)
1.423
2.366
3.594
4.951
5.726
6.709
8.313
10.531
13.200
15.863
9/2
+
13/2
+
17/2
+
21/2
+
25/2
+
29/2
+
33/2
+
37/2
+
41/2
+
45/2
+
0.959
2.180
3.771
5.501
5.863
7.095
8.968
11.184
13.899
17.195
(41/2
+
)
(45/2
+
)
12.965
15.876
41/2
+
45/2
+
13.706
16.405
27/2
+
31/2
+
35/2
+
39/2
+
(43/2
+
)
(47/2
+
)
(51/2
+
)
6.804
8.054
9.695
11.714
13.799
16.008
18.648
27/2
+
31/2
+
35/2
+
39/2
+
43/2
+
47/2
+
51/2
+
7.465
8.793
10.443
12.596
16.174
19.088
21.292
(43/2
+
)
(47/2
+
)
13.601
15.863
43/2
+
47/2
+
15.397
18.805
11/2
+
13/2
+
15/2
+
19/2
+
2.281
3.181
3.886
4.524
11/2
+
13/2
+
15/2
+
19/2
+
1.842
2.666
3.045
3.580
EXP. SM EXP. SM EXP. SM EXP. SM EXP. SM
67As
Band-1a Band-1b Band-2a Band-2b Other-Band
E
xc
it
at
io
n
en
er
gy
(M
eV
)
Fig. 3. Comparison of shell model results with experimental data for different bands
with JUN45 and jj44b interactions. The band numbers in the figure are as per the
convention used in the experimental paper [6].
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3.1 Band-1
In the band-1a the states 9/2+-45/2+ are reported with JUN45 and jj44b
interactions as shown in Fig. 2. The jj44b interaction results are reasonable.
The JUN45 interaction is showing similar trend as in the experimental data for
band-1a, but for spins 25/2+-33/2+ results are not good. The energy difference
between 33/2+ → 29/2+ transition is 1604 keV [6] in the experiment, whereas
in the present work this energy differences are 875 and 1873 keV using JUN45
and jj44b interactions, respectively.
Both interactions predict pi(p2
3/2,f
2
5/2,g
1
9/2)⊗ν(p
2
3/2,f
2
5/2,g
2
9/2) configuration for
9/2+ and 13/2+ states. There are two tentative spins 45/2+1 and 45/2
+
2 ob-
served (band-1a and band-1b) in this experiment, we have reported results
corresponding to these tentative spins from the shell model. A maximum spin
of at least 49/2+ can be achieved with contributions from three particles in
g9/2 orbit reported in Ref. [6] using configuration-dependent cranked Nilsson-
Strutinsky (CNS) approach [14,15,16] with Nilsson potential parameters [15].
The shell model configuration corresponding to positive-parity spin 45/2+ in
band-1a and band-1b is pi(pf)46(g9/2)
1
4.5ν(pf)
4
6(g9/2)
2
8, where (pf) refers to the
p3/2, f5/2 and p1/2 orbits, the upper number represents the number of particles
in the specified orbits and the lower number represents the maximum spin
contribution from particles in these orbits, this configuration also suggests
that three particles are required in g9/2 orbital to achieve Imax = 45/2
+ spin
in this band. The single-particle energy of the p1/2 orbit is lower in energy
than g9/2, but from the nucleon occupation figures (Fig. 6 and Fig. ??) it is
clear that p1/2 orbit contributes little to the configuration.
3.2 Band-2
For band-2b, the results from both interaction are not good at high spin.
Overall the energy spectrum for JUN45 interaction is more closer to the ex-
perimental data up to 39/2+. In the band-2a, the 27/2+-31/2+-35/2+-39/2+-
43/2+-47/2+ states are due to three g9/2 particles, while in band-2b, 47/2
+
state is due to five g9/2 particles.
The shell model result supports the CNS prediction that such high-spin positive-
parity states can only be formed in configuration involve five g9/2 particles.
The shell model configuration corresponding to positive-parity spin 51/2+ in
band-2a is pi(pf)34.5(g9/2)
2
4ν(pf)
3
4.5(g9/2)
3
8.5. From the analysis of configuration,
it is clear that only three g9/2 particles are involved in the configuration for
the positive-parity band at low energy. From the nucleon occupation figures
(Fig. 6 and Fig. ??), the p1/2 orbit has little contribution to the configuration,
6
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Fig. 4. Shell model predictions for different band in 67As with JUN45 interaction.
although its single-particle energy is lower. As reported in Ref. [6] that all tran-
sitions in band 2 are most likely not stretched B(E2)s because for example
the lowest 51/2+ state (with five g9/2 particles) is calculated at a much higher
energy. This is supported by our shell model calculations here the difference
between calculations and experiment becomes much larger for the 47/2+ and
51/2+ states in band 2.
3.3 Other-Band
The positive parity energy states 11/2+, 13/2+, 15/2+, and 19/2+ at 2281,
3181, 3886, and 4524 keV in Fig. 1 of Ref. [6] is defined as other band in the
present work. The results of jj44b interaction shows similar trend as in the
7
experiment. These energy levels are reasonably produced using both the shell
model calculations. The configuration for different energy states in this band
indicate that one particle is required in g9/2 orbital to produce these spins and
parity.
4 Electromagnetic Properties
In Table 1 and 2, we have reported calculated B(E2) values for different tran-
sitions in different bands using JUN45 and jj44b effective interactions, respec-
tively. The calculated bands are well connected with largerB(E2) values. How-
ever, in our calculation for band-1a with JUN45, the B(E2; 29/2+2 → 25/2
+
2 )
is very small. This is because there is a drastic change in the g9/2 occupancy
between 29/2+2 and 25/2
+
2 levels. Shell model predicts the structure of the
29/2+2 level to be quite different from that of the other levels lying below.
Similarly, in the case of jj44b, for band-1a, the B(E2; 25/2+2 → 21/2
+
2 ) is very
small. This is because there is a drastic change in the g9/2 occupancy between
25/2+2 and 21/2
+
2 levels. In the case of band-2, the B(E2; 51/2
+
1 → 47/2
+
2 ) is
very small, this is because of configuration changes, to generate 51/2+1 state
we need three neutrons in g9/2, while only two neutrons in g9/2 for 47/2
+
2 . To
know more about the B(E2) values corresponding to states not belong to band
with JUN45 interaction is shown in Table 3. For the calculation of magnetic
moments in the present work, we have used geffs = g
free
s . The results of electric
quadrupole and magnetic moments are listed in Table 4 for different bands us-
ing JUN45 and jj44b effective interactions. The calculated results from both
the calculations are in a good agreement with each other. These predicted
results might be very useful to compare upcoming experimental data.
5 Summary
Motivated by recent experimental data of different bands [6] for 67As, we have
reported the comprehensive shell model study of different bands in f5/2pg9/2
model space using JUN45 and jj44b effective interactions. The following broad
conclusions are drawn:
• The high spin structures of negative and positive parity bands are success-
fully described by both the effective interactions for the full f5/2pg9/2 model
space.
• For band-1a, the shell model results with jj44b interaction is showing rea-
sonable agreement with the experimental data, while for JUN45 interaction
results are not good for 25/2+–33/2+ spins. Results of both interactions are
not good beyond 39/2+ for band-2a and band-2b.
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Fig. 5. Occupancies of different states for 67As using JUN45 interaction.
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Fig. 6. Occupancies of different states for 67As using jj44b interaction.
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Table 1
Calculated B(E2) values (in e2fm4) for 67As using JUN45 interaction with epi =
1.5e ; eν = 0.5e.
Transition Band -1a Transition Band -2a
B(E2; 13/2+1 → 9/2
+
1 ) 177 B(E2; 31/2
+
1 → 27/2
+
1 ) 293
B(E2; 17/2+2 → 13/2
+
1 ) 145 B(E2; 35/2
+
1 → 31/2
+
1 ) 257
B(E2; 21/2+
2
→ 17/2+
2
) 26 B(E2; 39/2+
2
→ 35/2+
1
) 118
B(E2; 25/2+2 → 21/2
+
2 ) 277 B(E2; 43/2
+
2 → 39/2
+
2 ) 24
B(E2; 29/2+2 → 25/2
+
2 ) 0.12 B(E2; 47/2
+
2 → 43/2
+
2 ) 3
B(E2; 33/2+2 → 29/2
+
2 ) 295 B(E2; 51/2
+
1 → 47/2
+
2 ) 0.02
B(E2; 37/2+2 → 33/2
+
2 ) 79
B(E2; 41/2+2 → 37/2
+
2 ) 164
B(E2; 45/2+2 → 41/2
+
2 ) 23
Transition Band -1b Transition Band -2b
B(E2; 45/2+1 → 41/2
+
1 ) 113 B(E2; 47/2
+
1 → 43/2
+
1 ) 0.002
Transition Other Band
B(E2; 13/2+2 → 11/2
+
1 ) 90
B(E2; 15/2+1 → 13/2
+
2 ) 37
B(E2; 19/2+2 → 15/2
+
1 ) 169
• The difference between shell model and experiment becomes much larger for
the 47/2+ and 51/2+ states in band 2. Similar observation is also reported
by the CNS calculations.
• The order of 11/2+-13/2+-15/2+-19/2+ states in other band is correctly
reproduced by the shell model.
• The shell model result support the earlier work done using cranked Nilsson-
Strutinsky calculations in Ref. [6] that the high-spin positive-parity states
can only be formed in configurations involving three g9/2 particles for band-1
and five particles in g9/2 orbit in band-2.
• The E −Erot energy curve reflect the concept of configuration changes and
band termination.
• Our predicted value of quadrupole and magnetic moments might be useful
to compare the future experimental data.
Thus, present comprehensive study will add more information to earlier work
[6].
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Table 2
Calculated B(E2) values (in e2fm4) for 67As using jj44b interaction with epi = 1.5e
; eν = 0.5e.
Transition Band -1a Transition Band -2a
B(E2; 13/2+1 → 9/2
+
1 ) 237 B(E2; 31/2
+
1 → 27/2
+
1 ) 236
B(E2; 17/2+2 → 13/2
+
1 ) 167 B(E2; 35/2
+
1 → 31/2
+
1 ) 104
B(E2; 21/2+2 → 17/2
+
2 ) 198 B(E2; 39/2
+
2 → 35/2
+
1 ) 8
B(E2; 25/2+1 → 21/2
+
2 ) 2.48 B(E2; 43/2
+
2 → 39/2
+
2 ) 20
B(E2; 29/2+1 → 25/2
+
1 ) 309 B(E2; 47/2
+
2 → 43/2
+
2 ) 3
B(E2; 33/2+1 → 29/2
+
1 ) 250 B(E2; 51/2
+
1 → 47/2
+
2 ) 5
B(E2; 37/2+1 → 33/2
+
1 ) 170
B(E2; 41/2+2 → 37/2
+
1 ) 83
B(E2; 45/2+2 → 41/2
+
2 ) 43
Transition Band -1b Transition Band -2b
B(E2; 45/2+1 → 41/2
+
1 ) 94 B(E2; 47/2
+
1 → 43/2
+
1 ) 8
Transition Other Band
B(E2; 13/2+2 → 11/2
+
1 ) 115
B(E2; 15/2+1 → 13/2
+
2 ) 24
B(E2; 19/2+2 → 15/2
+
1 ) 77
Table 3
The calculated B(E2) values (in e2fm4 with ep=1.5e, en=0.5e) for other transitions
not belong to band with JUN45 interaction.
Transition (Ji → (J − 2)i) 13/2
+
2 17/2
+
1 21/2
+
1 25/2
+
1 29/2
+
1 33/2
+
1 37/2
+
1 41/2
+
1 45/2
+
1
B(E2) 272 3 32 <1 286 253 189 2 113
Transition (Ji → (J − 2)i) 31/2
+
2 35/2
+
2 39/2
+
2 43/2
+
1 47/2
+
1 51/2
+
1
B(E2) 1.42 118 9 52 < 1 177
Transition (Ji → (J − 2)i) 47/2
+
2
B(E2) 3
Transition (Ji → (J − 2)i) 13/2
+
1 15/2
+
1 19/2
+
1
B(E2) 8 185 2
11
Table 4
The calculated electric quadrupole moments Qs (in eb) and magnetic moments
µ (in µN ). The effective charges ep=1.5e, en=0.5e and g
eff
s = g
free
s are used. No
experimental data are available.
Band-1a Band-2a
Electric Moments Magnetic Moments Electric Moments Magnetic Moments
9/2+ JUN45 -0.642 +4.744 27/2+ JUN45 -0.755 +4.150
jj44b -0.667 +4.805 jj44b -0.943 +7.253
13/2+ JUN45 -0.787 +5.912 31/2+ JUN45 -0.809 +5.100
jj44b -0.779 +5.995 jj44b -0.954 +7.885
17/2+ JUN45 -0.762 +6.419 35/2+ JUN45 -0.840 +6.270
jj44b -0.594 +5.096 jj44b -0.922 +10.111
21/2+ JUN45 -0.536 +4.328 39/2+ JUN45 -0.685 +7.254
jj44b -0.589 +3.645 jj44b -0.877 +10.610
25/2+ JUN45 -0.543 +5.136 43/2+ JUN45 -0.844 +11.284
jj44b -0.975 +3.694 jj44b -0.811 +8.450
29/2+ JUN45 -0.844 +7.541 47/2+ JUN45 -0.620 +9.566
jj44b -1.016 +4.625 jj44b -0.870 +12.112
33/2+ JUN45 -0.879 +8.528 51/2+ JUN45 -0.894 +11.055
jj44b -1.034 +5.827 jj44b -0.978 +10.929
Band -2b
37/2+ JUN45 -0.371 +6.738 43/2+ JUN45 -0.632 +8.411
jj44b -1.014 +8.229 jj44b -0.867 +11.271
41/2+ JUN45 -0.660 +7.643 47/2+ JUN45 -0.944 +9.886
jj44b -0.860 +8.665 jj44b -0.954 +10.043
Other Band
45/2+ JUN45 -0.733 +8.385 11/2+ JUN45 -0.369 +4.773
jj44b -0.960 +11.649 jj44b -0.647 +3.128
Band-1b
41/2+ JUN45 -0.649 +7.628 13/2+ JUN45 -0.415 +4.118
jj44b -0.943 +7.706 jj44b -0.450 +3.973
45/2+ JUN45 -0.572 +8.985 15/2+ JUN45 -0.535 +5.600
jj44b -0.793 +8.387 jj44b -0.708 +4.614
19/2+ JUN45 -0.573 +5.600
jj44b -0.523 +3.034
12
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